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Abstract 

The  behaviour  of  antimony  as  a  function  of  the  concentration  of  both  H2SO4  and  HSCL-  ions,  and  the  electrode  rotation  rate  was  studied  by 
cyclic  voltammetry  (CV)  and  electrochemical  impedance  spectroscopy  (EIS).  The  rate  of  antimony  dissolution  is  accelerated  with  the  addition 
of  HSO4-  ions  and  with  the  increasing  electrode  rotation  rate.  Impedance  measurements  of  antimony  in  the  region  of  film  formation,  and  lead 
and  lead-antimony  alloys  in  the  region  of  PbO  formation  showed  that  the  dissolution  rate  is  controlled  by  the  diffusion  through  the  oxide  layer. 
The  diffusion  coefficients  (D)  for  protons  in  the  case  of  antimony  dissolution,  and  for  oxygen  ions  in  the  case  of  lead  and  alloys,  were  estimated. 
Electric  and  dielectric  properties  of  the  anodic  surface  layer  of  the  lead-antimony  alloys  are  significantly  influenced  by  the  antimony  content. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Antimony  is  widely  used  as  a  constituent  of  lead  alloys  for 
lead/battery  grids.  Therefore,  the  electrochemical  behaviour  of 
antimony  [1-8]  and  its  influence  on  the  electrochemical  pro¬ 
cesses  at  lead  electrode  in  sulphuric  acid  solutions  [8-17]  have 
been  extensively  studied.  During  the  anodic  polarization  of  anti¬ 
mony  electrode  in  H2SO4  solution,  at  relatively  low  overvolt¬ 
ages,  a  gel-like  anodic  layer,  as  a  result  of  primary  passivation, 
is  formed  [5].  The  properties  of  this  layer,  which  acts  as  an  ionic 
conductor,  were  studied  using  various  polarization  techniques 
[1-5,7, 8],  and  impedance  spectroscopy  [3-8].  Since  the  anodic 
dissolution  of  antimony  depends  on  acid  concentration,  Pavlov 
et  al.  [4]  proposed  that  SCL2- ,  and  even  HSCL-  may  be  involved 
in  the  mechanism. 

It  is  well  known  that  antimony  has  a  beneficial  effect  on  the 
performance  of  lead-acid  battery  positive  plate.  Its  oxidation 
in  Pb-Sb  alloys  begins  at  the  potential  values  at  which  PbO 
formation  takes  place  under  the  PbS04  perm-selective  mem¬ 
brane.  It  was  shown  [9,10,13-17]  that  Sb  oxidation  in  the  alloy 
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changes  the  composition  of  the  anodic  layer;  simultaneously  to 
the  formation  of  lead  oxides,  mixed  lead  and  antimony  oxides 
of  various  compositions,  depending  on  the  electrode  potential, 
are  formed  [9,10], 

In  the  previous  papers,  we  have  studied  the  electrochemical 
kinetics  of  anodic  layer  formation  and  reduction  on  antimony 
and  antimonial  lead  [8].  Mostly  we  investigated  the  electrical 
properties  of  corrosion  layers  on  the  Pb-Sb  alloys  using  EIS 
method  [  12,13].  In  the  present  paper,  we  aimed  at  EIS  examina¬ 
tion  of  the  transport  processes  in  surface  layers  on  pure  antimony 
and  on  Pb-Sb  alloys  with  low  antimony  content.  Also,  herein,  we 
investigated  the  effect  of  HSCL-  ions  on  the  anodic  dissolution 
of  antimony. 

2.  Experimental 

The  study  was  performed  on  spectroscopically  pure  antimony 
(Johnson  Matthey  Co.),  pure  lead  (99.998  wt.%)  and  Pb-Sb 
alloys  with  Sb  content  of  1.3  and  2.7  wt.%.  The  electrodes 
had  a  cylindrical  form,  and  the  lateral  surface  of  the  cylin¬ 
der  was  coated  with  polyester,  exposing  only  the  plane  of  the 
cylinder  base  to  the  solution;  the  surface  area  was  0.46  cm2. 
The  Sb  electrode  was  polished  mechanically,  wiped  with  tissue 
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Nomenclature 

B  fitting  parametar 

c  molar  concentration  (mol  dm-3) 

C  capacitance  (p,F  cm-2) 

d  film  thickness  (nm) 

Df  diffusion  coefficient  (cm2  s_1) 

E  potential  (V) 

E  electric  field  strenght  (V  cm-1) 

j  current  density  (mAcm-2) 

n  fractional  exponent 

q  charge  density  (mC  cm-2) 

Q  parameter  which  contains  fractional  characteris¬ 

tics  of  electrochemical  system  (£2_1  cm~2  s") 

R(i  diffusion  resistance  ( Q  cm2) 

Ro  omhic  resistance  ( Q  cm2) 

W  diffusion  component 

Z\\/  impedance  of  diffusion  component  (fi  cm2) 
Greek  letters 

e  relative  dielectric  constant 

cu  rotation  rate  (rpm) 


paper,  dipped  in  ethanol  to  remove  dust  and  grease  from  the  sur¬ 
face.  Prior  to  each  measurements  the  electrode  was  polarized  at 
—300  mV  to  remove  oxides  formed  on  the  surface  by  contact 
with  air.  The  Pb  and  Pb-Sb  electrodes  were  polished  with  SiC 
paper  (600  grit),  degreased  in  ethanol  and  rinsed  with  distilled 
water.  Prior  to  each  measurement,  the  electrodes  were  polarized 
at  —  1 .0  V  for  the  same  reason  mentioned  above.  Measurements 
were  performed  mostly  in  0.5  M  H2SO4  solution.  However,  elec¬ 
trochemical  behaviour  of  Sb  was  investigated  also  in  H2SO4 
solutions  of  lower  and  higher  concentrations;  the  solutions  were 
saturated  with  Sb203  in  order  to  prevent  greater  dissolution  of 
antimony. 

The  experiments  were  performed  in  a  two-compartment  glass 
cell  at  298  K.  The  counter  electrode  was  a  large  Pt-plate,  and  the 
reference  electrode  was  a  saturated  calomel  electrode  (SCE).  All 
potential  values  are  reported  in  V  (mV)  versus  SCE.  Voltammet- 
ric  measurements  were  carried  out  using  an  EG&G  Princeton 
Applied  research  Model  273  potentiostat/galvanostat  and  an 
EG/G  PAR  Model  616  rotating  disc  electrode.  The  EIS  measure¬ 
ments  were  done  using  an  EG&G  M5315A  lock-in  amplifier  in 
the  frequency  range  from  100  kHz  to  30  mHz  with  the  ac  voltage 
amplitude  ±5  mV.  The  impedance  spectra  were  analyzed  using 
the  software  for  complex  non-linear  last  squares  (CNLS)  fitting 
developed  by  Boukamp  [18]. 

3.  Results  and  discussion 

3.1.  Cyclic  voltammetry  on  pure  antimony 

Cyclic  voltammograms  of  an  antimony  electrode,  obtained 
within  the  potential  range  from  —0.5  to  1 .0  V  in  H2SO4  solutions 
of  different  concentrations,  are  presented  in  Fig.  1.  Electrode 


Fig.  1.  Cyclic  voltammograms  on  Sb  in  0.05 M  (■■■■),  0.5 M  ( — )  and  5M 
( — )  H2SO4;  v  -  20  mV  s-1 .  The  inset:  cyclic  voltammogams  recorded  in  0.5  M 
H2SO4;  v=  10,  20,  30,  50,  100  and  200mVs~1. 

processes  in  the  anodic  and  cathodic  portions  of  the  Sb  voltam- 
metic  response  have  already  been  discussed  in  details  [3-5,8] 
and  here  will  be  only  briefly  covered.  The  anodic  portion  of 
the  voltammograms  starts  with  a  sharp  increase  in  the  current 
density  due  to  the  antimony  oxidation: 

Sb  +  H20  =  SbO+  +  2H+  +  3e“  (1) 

This  is  a  process  of  active  dissolution  of  antimony.  In  order 
to  preserve  the  electroneutrality  at  the  nearby  electrode  surface, 
the  sulphate  ions  come  from  the  bulk  of  the  solution,  and  hydro¬ 
gen  ions  leave  the  surface  causing  an  increase  in  pH  and  the 
formation  of  a  gel-like  layer  of  basic  sulphate: 

SbO+  +  H+  +  S042-  =  Sb(OH)S04  (2) 

The  formation  of  the  Sb(OH)S04  layer  at  the  electrode  sur¬ 
face  corresponds  to  the  first  current  maximum,  A 1 .  With  an 
increase  in  the  acid  concentration,  partial  passivation  of  the  elec¬ 
trode  occurs  at  higher  anodic  currents,  i.e.  a  higher  concentration 
of  SbO+  ions  near  the  electrode  surface  is  needed  for  the  forma¬ 
tion  of  an  anodic  layer. 

After  the  formation  of  the  surface  layer,  the  antimony  dis¬ 
solution  continues,  and  when  the  rate  of  anodic  generation  of 
antimony  ions  becomes  greater  than  that  of  the  sulphate  ions 
diffusing  from  the  bulk  of  the  electrolyte  into  the  surface  layer, 
the  formation  of  an  antimony  hydroxide  sublayer  starts: 

Sb  +  2H20  =  SbOOH  +  3H+  +  3e“  (3) 

When  the  entire  electrode  surface  is  covered  with  the  SbOOH 
sublayer,  the  current  maximum  A2  appears  at  the  cyclic  voltam- 
mogram.  With  a  further  potential  increase  the  current  decreases 
slowly  showing  a  current  plateau  whose  height  increases  with 
increasing  acid  concentration.  The  fairly  high  currents  are 
accompanied  by  the  high  ionic  conductivities  of  the  anodic  him, 
and  the  SbOOH  layer  grows  at  about  the  same  rate  as  it  dissolves. 
This  process  may  be  best  described  by  the  following  reactions: 

SbOOH  +  H2S04  =  Sb(OH)S04  +  H20  (4) 

Sb(OH)S04  =  SbO+  +  H+  +  S042-  (5) 
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Fig.  2.  Cyclic  voltammograms  Sb  in  0.5  M  H2SO4  as  a  function  of  the  rotation 
rate  (co  =  0,  100,  400,  800  and  1200 rpm);  v  =  20mV s-1.  The  inset:  the  anodic 
peakAo  current  density  as  a  function  of  <0 1  /2  at  various  concentrations  of  H2SO4. 

The  thickness  of  the  inner  and  outer  layers  is  determined 
by  the  relation  between  the  rates  of  reactions  (3)  and  (4)  and 
reactions  (4)  and  (5),  respectively. 

During  the  cathodic  sweep,  a  well  expressed  cathodic 
peak,  whose  potential  depends  upon  the  acid  concentration,  is 
observed.  Instead  of  a  single  cathodic  peak,  the  two  closely  over¬ 
lapping  peaks  were  sometimes  observed  in  this  potential  range, 
which  is  likely  due  to  the  experimental  conditions. 

The  inset  in  Fig.  1  shows  the  influence  of  the  sweep  rate  on 
the  CV  in  the  narrow  potential  range  around  the  rest  potential 
in  the  0.5  M  H2SO4.  Analysis  of  the  dependence  of  the  peak 
current  and  the  peak  potential  upon  the  sweep  rate  showed  that 
the  potential-determining  reaction  occurring  at  the  first  anodic 
and  cathodic  peak  is  under  the  control  of  ohmic  resistance 
[8]. 

Fig.  2  shows  the  effect  of  the  electrode  rotation  rate  on  the 
shape  of  the  CVs  obtained  in  0.5  M  FI2SO4.  With  increasing 
rotation  rates,  the  anodic  portions  of  CVs  are  shifted  to  higher 
currents,  and  the  partial  passivation  at  the  peak  potential  A 1  does 
not  occur  (w>  400  rpm);  the  first  current  decrease  occurs  at  the 
potential  of  A2.  At  all  rotation  rates  used,  the  cathodic  current 
peak  is  observed,  but  with  increasing  rotation  rates  its  height 
decreases  and  position  is  shifted  up  to  80  mV  toward  more  pos¬ 
itive  potential.  Bojinov  and  Pavlov  [3]  have  observed  that  the 
cathodic  peak  potential  depends  upon  the  time  that  the  electrode 
spends  at  the  potential  of  the  A 1  current  peak.  With  an  increase 
in  that  time  (0-15  min),  the  corresponding  cathodic  peak  was 
observed  at  more  negative  potential  values  (70-80  mV).  They 
proposed  that  during  a  zero  electrode  stay  at  A 1  the  anodic 
layer  is  not  formed,  and  only  hydrated  antimony  ions  or  com¬ 
plexes  undergo  reduction.  With  an  increasing  time  of  stay  at  A\, 
the  gel  formation  proceeds,  and  its  reduction  occurs  at  a  more 
negative  potential.  CVs  presented  in  Fig.  2  show  that  the  same 
phenomenon  occurs  here.  With  increasing  rate  of  electrode  rota¬ 
tion,  the  mass  transport  of  dissolved  antimony  species  becomes 
higher,  and  their  saturation  and  film  formation  is  less  probable. 
Consequently,  during  the  cathodic  sweep  the  greater  fraction 
of  antimony  aqua  ions  undergo  reduction  and  corresponding 
cathodic  peak  moves  to  positive  direction. 

Due  to  the  dissolution  of  the  anodic  layer,  the  charge  con¬ 
sumption  qa  is  always  greater  than  qc.  The  ratio  qjqc  at  all 


potentials  increases  with  both  increasing  rotation  rates  and  acid 
concentrations. 

The  inset  in  Fig.  2  shows  the  influence  of  the  electrode  rota¬ 
tion  rate  on  the  anodic  current  density  at  A2  potential  for  different 
H2SO4  concentrations.  Characteristic  linear  relationship  j  ver¬ 
sus  col/ 2  is  observed  for  all  acid  concentrations. 

The  Tafel  coefficients  for  the  antimony  dissolution  were 
determined  from  the  anodic  sweeps  at  the  sweep  rate  of 
0.5  mV  s_1.  The  value  of  about  42  mV  dec-1  was  obtained  for 
0.05  and  0.5  M  FI2SO4,  and  that  of  about  23  mV  dec-1  for  5  M 
H2SO4.  The  obtained  values  correlate  well  with  those  given  in 
literature.  Pavlov  at  al.  [4]  found  the  slope  of  25  mV  for  the 
dissolution  of  Sb  in  4.5  M  FI2SO4,  and  41  mV  in  0.5  M  FI2SO4. 
The  Tafel  slopes  obtained  could  be  correlated  with  the  following 
mechanism  of  antimony  dissolution  in  H2SO4  [7]: 

Sb  +  H20  =  SbOHad  +  H+  +  e“  (6) 

SbOHad  =  SbOad  +  H+  +  e_  (7) 

SbOad  =  SbO+  +  e“  (8) 

Since  corrosion  rates  of  Sb,  at  open  circuit  potential,  increase 
linearly  with  acid  concentration,  Pavlov  et  al.  [4]  concluded 
that  sulphate  or  hydrogensulphate  can  participate  in  the  anodic 
dissolution  of  antimony,  and  accordingly  modified  the  above 
mechanism  by  adding  the  following  step: 

SbOad  +  HS04“  =  Sb(OH)S04  +  e“  (9) 

According  to  the  above  mechanism,  if  the  reaction  (7)  is  rate- 
limiting,  the  reaction  (6)  in  equilibrium,  and  the  steps  (8)  and  (9) 
are  fast,  the  Tafel  slope  is  39  mV.  This  situation  corresponds  to 
the  Sb  dissolution  in  0.05  and  0.5  M  H2SO4.  On  the  other  hand, 
if  the  reaction  (9)  is  the  rate  determining  step,  then  the  Tafel 
slope  is  25  mV;  such  is  the  case  with  higher  acid  concentrations. 

To  test  the  influence  of  HSO4-  ions  on  the  corrosion  rate  of 
Sb  in  H2SO4,  we  performed  the  quasi-potentiostatic  measure¬ 
ments  with  different  concentrations  of  NaHS04  in  0.5  M  H2SO4 
at  a  constant  pH  in  the  Tafel  region.  The  results  obtained  clearly 
show  that  the  intersection  of  cathodic  and  anodic  slopes  shifted 
towards  the  higher  current  densities  with  increasing  HSC>4_  con¬ 
centration,  i.e.  that  the  HSO4-  ions  accelerate  the  corrosion  of 
Sb  in  H2SO4.  An  increase  in  concentration  of  HSO4-  ions  did 
not  influence  the  anodic  Tafel  slope.  These  results  support  the 
modified  mechanism  of  Sb  dissolution  in  H2SO4. 

3.2.  Impedance  measurements  on  pure  antimony 

Impedance  measurements  were  performed  with  a  stationary 
and  rotating  Sb  electrode  in  0.5  M  H2SO4  in  the  potential  rang¬ 
ing  from  —0.11  to  1.5  V.  Measurements  were  also  performed 
in  0.5  M  H2SO4  with  addition  of  HSO4-  ions,  and  only  with  a 
stationary  Sb  electrode. 

3.2.1.  Impedance  measurements  on  the  stationary  electrode 

Impedance  spectra  obtained  with  a  stationary  Sb  electrode  in 
0.5  M  H2SO4  are  selected  according  to  the  equivalent  circuits 
used  to  analyse  the  data. 
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Fig.  3.  Bode  plots  for  Sb  at  -0.11  V  (OX  -0.08  V  (A)  and  -0.05  V  (□)  in 
0.5  M  H2SO4. 


The  impedance  spectra  obtained  in  the  potential  range  of 
active  antimony  dissolution  (at  potentials  less  negative  than 
E(A  1))  are  presented  in  Fig.  3  in  the  form  of  Bode  plots.  The 
spectra  show  that  in  the  higher  frequency  region,  log  |Z|  tends 
to  become  constant  with  the  phase  angle  values  falling  rapidly 
towards  0°  with  increasing  frequency.  This  is  a  response  typical 
of  resistive  behaviour  and  corresponds  to  the  solution  resistance. 
In  the  medium  frequency  region,  a  linear  relationship  between 
log  |Z|  and  log/ is  observed  with  a  slope  close  to  —1,  and  a 
phase  angle  approaching  —90°.  In  the  low-frequency  range,  the 
resistive  behaviour  of  the  electrode  becomes  more  pronounced, 
but  the  region  where  log  |Z|  does  not  depend  on  log/(i.e.  the  dc 
limit)  is  not  reached  until  10-2  Hz.  These  Bode  plots  have  the 
elements  characteristic  of  a  Rp—C  parallel  combination  in  series 
with  an  ohmic  resistance  (Fig.  4a).  Since  the  slope  of  log  |Z|  ver¬ 
sus  log/ plot  is  not  —1  and  the  phase  angle  does  not  amount  to 
—90°,  the  electrode  impedance  may  be  precisely  described  by  a 
constant-phase  element  (CPE):  Z(CPE)  =  [Q(/'a>)"]_1,  where  Q 
is  the  constant,  a>  the  angular  frequency,  and  n  is  the  CPE  power. 
The  n  is  an  adjustable  parameter  that  usually  lies  between  0.5 
and  1  [19],  the  ideal  capacitor  is  described  with  n=  1.  Table  1 
shows  numerical  values  for  the  circuit  parameters.  The  Rq  being 
1 .7  ±  0. 1  cm2  was  observed  in  the  whole  potential  region. 
Since  the  n  values  are  close  to  1 ,  Q  represents  the  double  layer 
capacity  that  is  parallel  to  the  charge  transfer  resistance,  Rp .  With 
an  increase  in  anodic  polarization  the  Rp  decreases  showing  the 
rise  in  anodic  dissolution  of  antimony  in  accordance  with  the 
CV  presented  in  Fig.  1. 

The  impedance  spectra  obtained  when  the  potential  is  above 
0.2  V,  where  the  Sb  electrode  is  partially  passivated,  are  given  in 


Table  1 

The  EEC  parameters  for  Sb  at  selected  potentials  in  the  active  region  in  0.5 
H2SO4 


E  (V) 

etxloSQ-'cm-V) 

n 

R  (x  10-2  £2 cm2) 

-0.11 

314 

0.90 

22.20 

-0.08 

359 

0.95 

4.29 

-0.05 

205 

0.89 

1.96 

(a) 


CPE 


(b)  CPEhf 

- YV- 


Plll  Zw 

Law — ra— 1 


(C)  CPE, 


CPEhf 

AY - 

R  Zw 

— w - rm-J 

Fig.  4.  Equivalent  circuits  used  to  fit  experimental  data. 


Fig.  5  in  the  form  of  Bode  plots.  The  plot  suggests  the  presence 
of  at  least  two  time  constants.  The  high  frequency  time  constant 
may  be  related  to  the  charge  transfer  process  at  the  film/solution 
interface,  while  the  other  time  constant  is  related  to  the  inter¬ 
mediate  steps  of  anodic  antimony  dissolution  and  surface  film 
formation,  detected  at  intermediate  and  low  frequencies.  The 
electrical  equivalent  circuit  given  in  Fig.  4b  represents  the  best 
fit  of  experimental  data.  The  total  impedance,  Z,  of  the  elec¬ 
trochemical  system  was  found  by  adding  the  resistance  of  the 
electrolyte,  Rq  to  the  impedance  of  the  electrochemical  inter- 


Fig.  5.  Bode  plots  for  Sb  at  0.4  V  (OX  10  V  (□)  and  1 .5  V  (A)  in  0.5  M  H2S04. 
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face: 


Z=Ra- 


1 


Q(jwT  +  [/?HF  +  Zw] 


-1 


(JojClf) 


-l 


(10) 


where  A’np  is  the  high  frequency  resistance,  and  Clf  is  the  low 
frequency  capacitance.  The  term  W  represents  dimensional  dif¬ 
fusion  through  a  layer  of  finite  thickness,  whose  impedance  is 
given  by  [20,21]: 


Rd  tanh[BV7aj] 
W_  B 


(11) 


where  R,\  is  the  diffusion  resistance,  and  B  is  the  fitting  param¬ 
eter.  The  diffusion  through  a  layer  of  finite  thickness,  whose 
impedance  can  be  given  by  the  Eq.  (1 1)  or  by  the  cot  h  function 
[21]  was  often  discussed  in  the  systems:  metal/surface  oxide 
layer/electrolite  solution  [22-25]. 

The  impedance  parameters  obtained  by  fitting  experimental 
to  the  theoretical  values  of  the  EEC  are  presented  in  Table  2.  The 
Rq  being  1.6  ±0.2  £2  cm2  was  observed  in  the  whole  potential 
region.  The  dependence  of  the  reciprocal  value  of  the  capac¬ 
itance  Chf  on  the  potential  >0.2  V  is  linear.  This  relationship 
confirms  the  identification  of  the  capacitance  with  the  one  of  the 
growing  film.  In  this  case,  we  can  express  dCuF/d/f  as 


dCHF 

d£ 


=  (ssqE)  1 


(12) 


Using  the  value  for  the  field  strength  obtained  from  our  gal- 
vanostatic  experiments  [26],  E  =  2.7  x  106  V  cm-1,  the  dielec¬ 
tric  constant  of  the  film  can  be  calculated,  e  =  32.  It  is  hard  to 
compare  the  so  obtained  value  with  the  one  for  bulk  crystalline 
Sb203  (e=  12.8),  due  to  the  higher  disorder  and  hydration  of 
anodic  films. 

Since  the  Warburg  impedance  was  assessed  as  being  a  film 
diffusion  process  where  the  diffusion  layer  thickness,  d,  can 
replace  the  thickness  of  the  film  through  which  the  diffusion 
takes  place  [27],  it  follows  that  the  parameter  B  =  d(l/Df)m, 
where  Df  is  the  film  diffusion  coefficient.  The  film  thick¬ 
ness  (c/  =  48nm)  was  calculated  from  the  cathodic  charge 
(49  mC  cm-2)  consumed  during  reduction  of  the  anodic  layer 
formed  at  the  potential  of  1.0  V  during  a  period  of  10  min  (the 
time  needed  to  reach  a  steady  state  conditions)  under  assump¬ 
tion  that  the  film  composition  corresponded  to  S 626)3.  For 
Z?  =  1.11  s0-5  (Table  2),  a  Df  =  1.9  x  10“ 11  cm2  s-1  is  obtained, 
which  is  in  a  good  agreement  with  Df  usually  reported  for 
diffusion  of  protons  in  solid  films.  Bojinov  and  Pavlov  [3] 


//  Hz 


Fig.  6.  Bode  plots  for  Sb  at  1 .0  V  as  a  function  of  rotation  rate  in  0.5  M  H2SO4 
co=  lOOrpm  (OX  400  rpm  (□)  and  1200rpm  (A). 


determined  the  Df  for  the  protons  to  be  of  the  order  of 
10“ 11  cm2  s-1  for  antimony  layer  in  0.5  M  FUSO4  at  a  poten¬ 
tial  close  to  the  anodic  maximum  /\2.  For  the  oxide  film  on 
ruthenized  gold,  Metikos-Hukovic  et  al.  [28]  calculated  an  effec¬ 
tive  diffusion  coefficient  of  protons  to  be  between  1CP 10  and 
10“ 11  cm2  s-1. 

3.2.2.  Impedance  measurements  on  the  rotating  Sb 
electrode 

Impedance  measurements  with  a  rotating  antimony  electrode 
in  0.5  M  H2SO4  were  performed  at  the  same  potentials  as  those 
with  a  stationary  one.  The  spectra  obtained  at  1 .0  V  at  different 
rotation  rates  of  the  electrode  are  presented  in  Fig.  6,  while  the 
EEC  used  to  fit  the  experimental  data  is  shown  in  Fig.  4c.  In 
addition  to  the  EEC  used  for  a  stationary  Sb  electrode,  an  induc¬ 
tance,  of  magnitude  L,  in  parallel  with  R.  had  to  be  introduced  to 
data  fitting.  Generally,  the  origin  of  the  inductance  can  be  influ¬ 
enced  by  some  adsorbed  intermediates  or  can  be  a  result  of  a 
space  charge  at  the  interfaces.  The  origin  of  the  inductance  in  the 
frequency  range  between  50  and  500  Hz  can  be  related  to  a  rear¬ 
rangement  of  surface  charge  (space  charge)  at  the  metal/oxide 
interface.  This  charge  influences  the  transport  of  mobile  charge 
carriers  across  the  anodic  film  [29-32]. 

The  impedance  parameters  obtained  by  fitting  experimental 
to  the  theoretical  values  of  the  EEC  are  given  in  Table  3.  The 
Rri  changed  from  2.9  to  3.8  G  cm2  with  increasing  rotation  rate 
from  100  to  1200  rpm.  Significantly  lower  7?hf  and  Rd  values 


Table  2 

The  EEC  parameters  for  Sb  at  selected  potentials  in  the  passive  region  in  0.5  H2SO4 


E  (V) 

Chf  (x  106  £2_1  cm-2  s") 

n 

Rhf  (£2  cm2) 

B  (s0-5) 

Rd  ( 10— 3  £2  cm2) 

Clf  (x  10-3  n-Fcrn"2) 

0.20 

108.2 

0.87 

251 

4.23 

1.19 

- 

0.25 

78.7 

0.89 

281 

2.40 

2.40 

- 

0.30 

63.8 

0.89 

288 

1.29 

2.12 

- 

0.40 

36.8 

0.92 

169 

0.94 

3.13 

0.22 

0.60 

23.3 

0.92 

307 

0.61 

2.54 

0.26 

0.80 

16.1 

0.93 

356 

1.00 

3.70 

0.10 

1.00 

11.1 

0.95 

408 

1.11 

6.53 

0.44 

1.50 

6.9 

0.96 

502 

1.07 

5.63 

0.36 

568 
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Table  3 

The  EEC  parameters  for  Sb  at  1.0  V  as  a  function  of  the  rotation  rate  in  0.5  H2SO4 


(o  (rpm) 

2hf  (f-F  cm  2) 

n 

/?hf  (£2  cm2) 

B  (s0-5) 

Rd  (£2  cm2) 

R  (£2  cm2) 

L  (He  cm  2) 

Clf(x10  3|xFcm  2) 

too 

11.1 

0.95 

47.3 

0.87 

935 

41 

0.10 

1.44 

400 

7.6 

0.98 

27.2 

0.78 

443 

27 

0.04 

1.95 

1200 

6.9 

0.99 

19.0 

0.66 

204 

16 

0.02 

1.95 

104 

103 

s 

u 

G  102 

s 

101 

10“ 

LO-2  10'1  10°  10'  102  103  102  105 

//  Hz 

Fig.  7.  Bode  plots  for  Sb  at  1.0  V  as  a  function  of  concentration  of  HS04_  ions 
in  0.5M  H2S04;  c(HSO4')  =  0.5M  (O),  0.9M  (□)  and  1.7M  (A). 

were  seen  when  impedance  parameters  are  compared  with  those 
for  a  stationary  electrode  at  the  same  potential. 

For  a  rotating  electrode,  the  dependence  of  the  reciprocal 
value  of  the  capacitance  Chf  upon  potential  above  0.2  V  is 
also  linear,  confirming  the  identification  of  the  capacitance  with 
that  of  the  growing  film.  Table  3  shows  that  the  parameter  B 
decreases  with  increasing  rotation  rate.  Since  the  thickness  of 
the  layer  also  decreases  with  increasing  rotation  rate  (31.2nm 
at  100  rpm),  the  D\  (calculated  from  the  parameter  B)  of  the 
order  of  10“ 11  cm2  s-1  can  be  considered  independent  upon  the 
rotation  rate. 

3.2.3.  Influence  of  HS04~  ions  on  anodic  behaviour  of  Sb 
Impedance  measurements  with  a  stationary  antimony  elec¬ 
trode  in  0.5  M  H2SO4  containing  different  levels  of  hydrogen- 
sulphate  were  performed  at  the  same  potentials  as  those  in  a  pure 
acid.  As  an  example,  the  spectra  obtained  at  1.0  V  are  shown  in 
Fig.  7.  Spectra  got  in  a  solution  with  a  lower  HSC>4_  concen¬ 
tration  were  fitted  with  the  EEC  presented  in  Fig.  4b,  while  for 
the  spectra  collected  at  a  higher  concentration  of  HSO4-  the 
EEC  with  an  inductance  element  (Fig.  4c)  was  used.  Numerical 
values  of  impedance  parameter  obtained  by  the  fitting  procedure 
are  given  in  Table  4.  With  increasing  concentration  of  HS04-, 
the  Rq  decreased  from  1.7  to  0.7  Q  cm2.  The  results  obtained 


Fig.  8.  Bode  plots  for  Pb  and  Pb-Sb  at  0.2  V  in  0.5  M  H2SO4. 


show  that  the  increasing  concentration  of  HS04-  ions  influ¬ 
ences  mostly  the  /?hf  and  Clf,  i.e.  the  influence  of  HS04- 
ions  is  similar  to  that  of  electrode  rotation  rate.  This  observa¬ 
tion  is  consistent  with  potentiodynamic  measurements  which 
showed  that  HS04-  ions  accelerate  the  anodic  dissolution  of 
antimony,  and  justify  their  role,  proposed  by  Pavlov  et  al.  [4],  in 
the  mechanism  of  anodic  dissolution  of  antimony  in  sulphuric 
acid  solution. 

3.3.  Impedance  measurements  on  antimonial  lead 

In  order  to  study  the  influence  of  antimony  on  the  electro¬ 
chemical  behaviour  of  lead  in  the  potential  range  of  lead  oxide, 
electrochemical  impedance  measurements  were  performed  on 
two  low-antimony  alloys:  Pb-1.3  wt.%  Sb  and  Pb-2.7  wt.%  Sb. 
A  parallel  investigation  was  also  performed  on  a  pure  Pb  elec¬ 
trode,  on  which  a  duplex  passive  layer  composed  of  tet-PbO  and 
PbSC>4  is  formed  in  the  examined  potential  range.  Fig.  8  shows 
the  spectra  in  the  form  of  Bode  plot  for  pure-Pb  and  Pb-Sb 
alloys  obtained  after  they  had  been  oxidized  at  0.2  V  for  60  min. 
The  EEC  which  has  given  the  best  fit  of  the  experimental  data  is 
presented  in  Fig.  4d,  while  the  values  for  the  equivalent  circuit 
elements  are  listed  in  Table  5 .  The  value  of  Rq  equal  to  1 .0  Q  cm2 
for  all  electrodes  represents  the  electrolyte  resistance  of  sul¬ 
phuric  acid.  Since  n  values  are  close  to  1,  Qhf  corresponds  to  a 


Table  4 

The  EEC  parameters  for  Sb  at  1.0  V  in  0.5  M  H2SO4  with  addition  of  HSC>4_  ions 


c  (HS04~)  (M) 

2hf  (M-Fcm  2) 

n 

Ruf  (£2  cm  2) 

B  (s0-5) 

Rd  (x  10  3  £2 cm  2) 

R  (£2  cm  2) 

L  (He  cm2) 

Clf(x10  3|xFcm  2) 

0.5 

11.1 

0.95 

408 

1.11 

6.53 

- 

- 

0.44 

0.9 

12.2 

0.95 

134 

1.00 

2.08 

- 

- 

1.00 

1.7 

9.5 

0.95 

37 

1.31 

1.87 

56 

0.13 

6.00 
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Table  5 

The  EEC  parameters  for  Pb  and  Pb-Sb  at  0.2  V  in  0.5  M  H2SO4 
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Sb  (wt.%) 

Q  (jrF  cm  2) 

n 

R  (x  10-3  Q cm2) 

B  (s0-5) 

Rd  (x  10~3  £2  cm2) 

0.0 

4.55 

0.94 

7.47 

0.37 

5.73 

1.3 

5.53 

0.91 

7.25 

0.45 

5.26 

2.7 

7.04 

0.91 

6.20 

0.44 

4.77 

capacitor,  and,  thus,  Chf  and  Rhf  are  associated  with  the  capac¬ 
itance  and  resistance  of  the  passive  layer,  respectively.  Since  the 
porosity  of  outer  PbS04  layer  in  0.5  M  H2SO4  is  high  [33]  in 
comparison  to  that  formed  in  acid  of  much  higher  concentra¬ 
tion  [34],  its  electrical  contribution  to  the  passive  layer  can  be 
neglected  for  this  acid  concentration  and  Chf  and  Rhf  can  be 
treated  as  the  capacitance  and  resistance  of  the  inner  PbO  bar¬ 
rier  layer.  Pavlov  [35]  proposed  a  solid-state  mechanism  for  the 
growth  of  the  PbO  layer,  and  the  rate  of  oxidation  of  Pb  to  tet- 
PbO  is  governed  by  the  solid-state  diffusion  of  interstitial  O2- 
anions  through  the  PbO  layer  [35,36]  by  a  vacancy  mechanism. 
Thus,  the  diffusion  resistance,  R 4  of  the  oxide  layer  is  equal  to 
[21]: 

*-(£)(£)  <13) 

where  c  is  the  concentration  of  O2-  ions  at  the  electrolyte/oxide 
boundary,  z  and  D  are  the  charge  and  diffusion  coefficient  of 
O2-  ions,  respectively,  and  d  is  the  thickness  of  the  oxide  layer. 
Both  Ra  and  the  parameter  B  ( d2/D{ )  are  presented  in  Table  5. 
The  results  in  Table  5  show  that  the  electrical  properties  of  a 
barrier  PbO  layer,  which  is  responsible  for  passivation  of  low 
antimony  alloys  in  0.5  M  H2SO4  are  dependent  upon  the  Sb 
content.  The  Rhf  of  the  oxide  film  decreases  with  increasing 
antimony  content.  In  the  same  way,  the  R d,  the  diffusion  resis¬ 
tance  of  O2-  ions,  depends  upon  the  Sb  content.  Rocca  and 
Steinmetz  [17]  have  shown  that  the  oxide  thickness  increases 
almost  linearly  during  the  time  of  20  h  of  potentiostatic  polar¬ 
ization,  and  that  the  obtained  thickness  does  not  change  very 
much  for  alloys  with  the  Sb-content  between  1.3  and  3wt.%. 
Taking  into  account  their  findings,  it  was  possible  to  estimate 
the  oxide  layer  thickness  to  be  of  the  order  of  10-6  cm,  and 
accordingly  the  diffusion  coefficient  of  O2-  ions  to  be  in  the 
range  of  1 0“ 1 2  to  1 0~ 1 3  cm2  s“ 1 .  The  obtained  values,  although 
smaller  than  those  found  by  Rocca  et  al.  [17]  for  much  thicker 
oxide  layers,  seem  quite  reasonable. 

It  was  established  that  antimony  in  Pb-Sb  alloys  is  oxidized 
at  potentials  higher  than  —0.40  V  (versus  Hg/Hg2S04),  i.e.  in 
the  PbO  potential  region.  Sb  is  dissolved  in  the  form  of  SbO+ 
ions,  part  of  which  remains  in  the  PbO  layer  being  incorporated 
into  the  crystal  lattice  of  the  PbO  oxide.  According  to  Pavlov  et 
al.  [10],  in  the  lead  oxide  potential  range  some  of  Pb2+  ions  are 
replaced  by  Sb3+  ions,  whereby  the  crystal  lattice  of  the  PbO 
is  preserved  unchanged.  These  substituted  oxides  have  a  vari¬ 
able  non-stoichiometric  composition.  At  potentials  up  to  0.8  V 
(versus  Hg2SC>4),  the  oxide  layer  is  of  a  mosaic-like  structure 
composed  of  both  tet-PbO  and  mixed  oxide,  that  can  be  pre¬ 
sented  as  Pb(i_T)SbvO.  The  impedance  results  show  that  Sb 


ions  incorporated  into  the  PbO  structure  increase  conductivity 
of  the  oxide  layer. 

4.  Conclusions 

Anodic  dissolution  of  antimony  as  a  function  of  sulphuric 
acid  and  HS04-  concentrations,  and  the  rotation  rate  of  the 
electrode  was  studied  by  CV,  quasi-potentiostatic  and  EIS  meth¬ 
ods.  The  EIS  method  was  also  used  to  investigate  the  anodic 
behaviour  of  Pb-Sb  alloys  with  Sb  content  of  1.3-3. 5%  in  the 
potential  range  of  PbO  formation. 

The  results  of  all  applied  methods  showed  that  the  rate  of 
anodic  dissolution  of  antimony  increases  with  increasing  con¬ 
centration  of  H2SO4.  It  is  also  accelerated  by  the  addition 
of  HSO4-  ions  and  with  increasing  rotation  rate  of  the  Sb- 
electrode.  The  results  of  EIS  measurements  showed  that  anodic 
dissolution  of  antimony  in  the  potential  range  of  oxide  forma¬ 
tion  is  controlled  by  diffusion  through  the  oxide  layer.  The  finite 
diffusion  impedance  is  analysed  using  a  diffusion  factor  (B). 
The  layer  thickness  (d)  is  determined  from  the  cathodic  charge 
assuming  Sb203  as  the  oxide  layer,  and  the  diffusion  coeffi¬ 
cient  (Df)  corresponding  to  the  diffusion  of  protons,  which  was 
estimated  to  be  Df(H+)  =  4  x  10_12cm2  s  .  It  was  found  that 
/)j  (H+)  does  not  depend  on  the  rotation  rate  of  the  electrode. 

The  EIS  data  show  that  the  PbO  growth  is  controlled  by 
the  diffusion  of  O2-  species  through  the  oxide  layer;  its  dif¬ 
fusion  coefficient  was  estimated  to  be  in  the  range  of  10“ 12 
to  10-13cm2s  .  The  results  show  that  Sb  ions  incorporated 

within  the  PbO  structure  increase  the  conductivity  of  the  oxide 
layer. 
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